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2.1 Self-assembled InAs quantum dots as single-photon
emitters
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2.1.2 Formation of self-assembled quantum dots
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2.1.3 Optical properties
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Dephasing rates of quantum dots
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Collection efficiency of single-photons from quantum dots in bulk material
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2.2 Interaction of quantum dots with light
  
 
  		 
 
	 	  

 





    
	    
  	

  ' 
  
















   
 

   
     
  	  
  

 (( 3+ * /+/, .	 62 )02
 & 	 
      
  
     
 
    
	 
   B𝑋C 
    
 B∣𝑒⟩C 
   

 
  	 
 B∣𝑔⟩C   
  	   


 ?ˆ?+ = ∣𝑒⟩⟨𝑔∣ 
 ?ˆ?− = ∣𝑔⟩⟨𝑒∣ $ 	






    / 8!
  	 	 
   





   





   
 
     
 	    9J	   





   @



















 𝒇(𝒓) = 𝝐(𝒓)𝑓(𝒓)   
;  




   











     	  
   ? @












 𝑛   
    

 
 𝑉   & 




     
  

         




    
 
  
(( 3+ * /+/, .	 62 )02 








𝒌?ˆ?𝒌 + ℏ𝜔0?ˆ?+?ˆ?−, B/KC
  ;  
 
  &  
 	  ! 𝜔𝑘  
   
	 ! 
 𝜔0   
 
     
         
 
 
 B𝒌 ⋅ 𝒓 ≪ 1C  	  ?ˆ?1 = −𝒅 ⋅ ?ˆ? N/#O!  𝒅  
     




   
  	
  





   
 




	   
    
 NA! AO







 	   














 Δ𝑘 = 𝜔0−𝜔𝑘   	    
   
    	
 8







   	
2.2.1 Spontaneous emission
  




    

  
   
  

      
 
  
   	 
 	









    
 
    
   
@














     9J	 
 





 B /LC 	  
   
  







𝐸0,𝒌𝒅 ⋅ 𝒇𝒌(𝒓)𝑒𝑖Δ𝒌𝑡𝑐𝑔𝒌(𝑡) B/EC
?˙?𝑔,𝒌(𝑡) = −1
ℏ
𝐸0,𝒌𝒅 ⋅ 𝑓∗𝒌(𝒓)𝑒−𝑖Δ𝒌𝑡𝑐𝑒(𝑡). B/"C
    
  𝑐𝑒(𝑡)  




   
  𝑐𝑒(𝑡)












        





     
 
 𝜌(𝜔)@










$    
 
  
   
 
   

 






'   	
























    <	<' 
 
 
   	 

 B/C  
   









𝐸20,𝜔0⟨∣𝒅 ⋅ 𝒇(𝒓)∣2⟩𝜌(𝜔0). B//C
(( 3+ * /+/, .	 62 )02 

   
   Q 	   








   &  
    
   




      
       
 









Decay rate in a homogeneous medium
   
  











   
	 
      
  
  





	  	 $	   









		         
   
	 
 
  1/3      
 
     








Decay rate in a cavity and the Purcell effect
$ 
 
      
  
   
 
    
 	  




      
  
     

 
 𝜅  
 	  
    
 










(𝜔𝑐 − 𝜔)2 + (𝛿𝜔/2)2 , B/LC

% (( 3+ * /+/, .	 62 )02
 𝜔𝑐   
  




B<87C   
 	  𝜅   
 

















  /K      
   
 B𝜔 = 𝜔𝑐C

    













 𝜆𝑐   
 
	   
 
! 𝑄 = 𝜔𝑐/𝛿𝜔 
 1 
   
! 
 𝑉       
 
 	
  //   
 
      
 
	
B𝑉 C  
  













+ /E 	  
   
 
  








  1 
   	! 
	  ! 

     














Purcell effect in a waveguide
 	   	








   
 	 




   
   
	
  








	   𝑎@ 𝑘𝑎 = 2𝜋𝑚 NAKO!  𝑘 
 

 𝑚  
 	     
  	

    
 	
 𝑚   	   
  




   
 









































 𝐴eﬀ  
 &  

 $      
 

    




















   
 
 






























	   






	!    
  
 4   	  







  2 
  
 
	     

	  
   
   

   










    





































4 (( 3+ * /+/, .	 62 )02
     




  2 




     
 
  	     

   ;   
	 NALO 8!  
 
 
	  	       
 	 

   
   




	    
	      
 	
  







     
   
 	










   ;	  

	    
      
  
 
      
  
 NA4O   
 
     
  
	   

  




  	  
	
	   
    
  
  






  & 
  $  
















  	 M 
  













		     
     
 










  NAEO   
 
    
 





   
   

 	
   





 	 &  









     
	





   
   
  

(( 3+ * /+/, .	 62 )02 
$
 NA"O!    NA#O! 
 



















  ! 
 




    
 	
      
  
 8! 



























   	
 





   
  






  	      
  




   	   
      

 
      
 
















  	  Γ𝑚 + 𝛾 
 𝛾   
 
 
      
 
       2







       
  
    
 	 𝛽

G   
 
 	 2 
  
	     














          	 𝛾
G 

	      
 
  
   
	
 
    9 






	  & 
 	   
	 




   // 
  

 	  <	
<' 
 





















       
   
 
    
  
	 	  
$  <	<' 
 
       
  
'      	
 
   
 	 
 	    
    




    




        	   
  	 //

   








   𝛾   
 
   
  B𝜅C  	 
 1 
   
@ 𝜅 = 𝛿𝜔 = 𝜔/𝑄   
     
	   
    
         


    
'  
   
    
 
 	   








       
    

      	 
@       
    
 B∣𝑒, 0⟩C!      	 
 
    
 B∣𝑔, 1⟩C! 
  
 
    


   	 
 
       
 B∣𝑔, 0⟩C
  
       	  𝑐1∣0, 𝑒⟩+ 𝑐2∣1, 𝑔⟩+ 𝑐3∣0, 𝑔⟩
(( 	1+/	 ,		 * + /+/, . 







	 //@     
 
     






   







   
    8

  
/L   







, 𝑔 = 𝐸0𝒅 ⋅ 𝒇(𝒓)/ℏ, B//AC
 Δ = 𝜔0 − 𝜔𝑐   	    
   

 
 𝑔   	 
 	   
   







     
   
   
 
    	  N/#O@




{Γ, 𝜌}, 𝐻𝐼 = 𝑖ℏ
⎡










 Γ   
 
   
 
    
 
   𝑖, 𝑗 
    




 B{𝑋, 𝜌} = 𝑋𝜌+ 𝜌𝑋C  	 ∑𝑘(𝑋𝑖𝑘𝜌𝑘𝑗 − 𝜌𝑖𝑘𝑋𝑘𝑗) 
∑
𝑘(𝑋𝑖𝑘𝜌𝑘𝑗 + 𝜌𝑖𝑘𝑋𝑘𝑗)
     
  
       
   
 B⟨?ˆ?†?ˆ?⟩C 
   
    B⟨?ˆ?+?ˆ?−⟩C  


(( 	1+/	 ,		 * + /+/, . 
+ 202 +78
       
 
 	@
⟨?ˆ?+?ˆ?−⟩ = ⟨𝜓∣?ˆ?+?ˆ?−∣𝜓⟩ = ∣𝑐1∣2 = 𝜌11 B//LC
⟨?ˆ?†?ˆ?−⟩ = ⟨𝜓∣?ˆ?†?ˆ?−∣𝜓⟩ = 𝑐1𝑐∗2 = 𝜌12 B//4C
⟨?ˆ??ˆ?+⟩ = ⟨𝜓∣?ˆ?+?ˆ?∣𝜓⟩ = 𝑐2𝑐∗1 = 𝜌21 B//EC
⟨?ˆ?†?ˆ?⟩ = ⟨𝜓∣?ˆ?†?ˆ?∣𝜓⟩ = ∣𝑐2∣2 = 𝜌22 B//"C
⟨?ˆ?−⟩ = ⟨𝜓∣?ˆ?−∣𝜓⟩ = 𝑐∗3𝑐1 = 𝜌13 B//#C
⟨?ˆ?⟩ = ⟨𝜓∣?ˆ?∣𝜓⟩ = 𝑐∗3𝑐2 = 𝜌23 B/AC
 ⟨?ˆ?†?ˆ?−⟩ = ⟨?ˆ?+?ˆ?⟩∗   
  ⟨?ˆ?†?ˆ?−⟩     
   	 





= −𝑔𝑒𝑖Δ𝑡⟨?ˆ??ˆ?+⟩ − 𝑔∗𝑒−𝑖Δ𝑡⟨?ˆ?†?ˆ?−⟩ − 𝛾⟨?ˆ?+?ˆ?−⟩ B/AC
𝑑⟨?ˆ?†?ˆ?−⟩
𝑑𝑡
= −𝑔𝑒𝑖Δ𝑡(⟨?ˆ?†?ˆ?⟩ − ⟨?ˆ?+?ˆ?−⟩)− (𝛾/2 + 𝜅/2)⟨?ˆ?†?ˆ?−⟩ B/A/C
𝑑⟨?ˆ?†?ˆ?⟩
𝑑𝑡
= 𝑔𝑒𝑖Δ𝑡⟨?ˆ??ˆ?+⟩+ 𝑔∗𝑒−𝑖Δ𝑡⟨?ˆ?†?ˆ?−⟩ − 𝜅⟨?ˆ?†?ˆ?⟩ B/AAC
𝑑⟨?ˆ?−⟩
𝑑𝑡
= −𝑔𝑒𝑖Δ𝑡⟨?ˆ?⟩ − 𝛾/2⟨?ˆ?−⟩ B/AKC
𝑑⟨?ˆ?⟩
𝑑𝑡
= 𝑔∗𝑒−𝑖Δ𝑡⟨?ˆ?−⟩ − 𝜅/2⟨?ˆ?⟩. B/ALC
    




   & 
	
 @ ⟨?ˆ?†?ˆ?−⟩ = ⟨?ˆ?†?ˆ?−⟩𝑒𝑖Δ𝑡!
⟨?ˆ??ˆ?+⟩ = ⟨?ˆ??ˆ?+⟩𝑒−𝑖Δ𝑡! ⟨?ˆ?−⟩ = ⟨?ˆ?−⟩𝑒𝑖Δ2 𝑡! 
 ⟨?ˆ?⟩ = ⟨?ˆ?⟩𝑒−𝑖Δ2 𝑡 
	  
(( 	1+/	 ,		 * + /+/, . 
+ 202 +78 





= −𝑔⟨?ˆ??ˆ?+⟩ − 𝑔∗⟨?ˆ?†?ˆ?−⟩ − 𝛾⟨?ˆ?+?ˆ?−⟩ B/A4C
𝑑⟨?ˆ?†?ˆ?−⟩
𝑑𝑡
= −𝑔(⟨?ˆ?†?ˆ?⟩ − ⟨?ˆ?+?ˆ?−⟩)− (𝛾/2 + 𝜅/2 − 𝑖Δ)⟨?ˆ?†?ˆ?−⟩ B/AEC
𝑑⟨?ˆ?†?ˆ?⟩
𝑑𝑡
= 𝑔⟨?ˆ??ˆ?+⟩+ 𝑔∗⟨?ˆ?†?ˆ?−⟩ − 𝜅⟨?ˆ?†?ˆ?⟩ B/A"C
𝑑⟨?ˆ?−⟩
𝑑𝑡
= −𝑔⟨?ˆ?⟩ − (𝛾/2 + 𝑖Δ/2)⟨?ˆ?−⟩ B/A#C
𝑑⟨?ˆ?⟩
𝑑𝑡
= 𝑔∗⟨?ˆ?−⟩ − (𝜅/2 − 𝑖Δ/2)⟨?ˆ?⟩. B/KC
  
 /A4  /A"  





          
   

  
     
 








	   




   
      
  

 $  




B𝑔 = 𝑔∗C  
    








     
     

    	  







⟨?ˆ?+?ˆ?−⟩(0) = 1, ⟨?ˆ?†?ˆ?−⟩(0) = 0, ⟨?ˆ?†?ˆ?⟩(0) = 0 B/KC
-	  
 
     
    
"




























          

 𝐵  
   
  
	
 	   


   B𝛾, 𝜅, 𝑔C $ ∣𝛾 − 𝜅∣ < 4𝑔! 𝐵  
	
 
  	 
  




 B⟨?ˆ?+?ˆ?−⟩C    





 NK/O!  
  NKAO! 
 

   
 NKK! KL! K4! AO $    
  







   2𝑔
$ ∣𝛾 − 𝜅∣ > 4𝑔! 𝐵  
 






   
    
  𝛾 ≪ 𝑔 ≪ 𝜅

  	   
 









	  1 µm
	  𝜅 > 100 GHz! 
  	 
 𝑔   ! 	
 
 
   𝑉 = 1 µm3 
 
    1 ⋅ 10−28 Cm
N/AO  	 







(𝜅−𝛾)+𝛾)𝑡 ⇒ Γ𝑐𝑎𝑣 = 4𝑔
2









   

   	   
  
  1 




      
 Γ𝑐𝑎𝑣 
   
  
  
   /E   	    
 
(( 	1+/	 ,		 * + /+/, . 
+ 202 +78 
   
   




  /K      2 










)3 ⟨∣𝒅 ⋅ 𝒇(𝒓)∣⟩2
∣𝒅∣2 , B/KKC
  
   
      
$ 
 	 2 &  ! 
 	  	  
   	  





   
  








R 	 	  𝑔  ) 	  𝜅 $  	
 
      
 	  
 
   
 
Decay curves for high-Q cavities
  	
  
   2    B /KAC  

   
 











  B𝑔 = 16 GHz, 𝛾 = 1.6 GHzC
  
  
   	 /A 
	  




      1 















  1 
  

 	 	  
   	  
 




 <  	 	 	  
 
𝜅 < 4𝑔  :
 





    
  
 





      









𝜅     	 
  	 /A $ 
    
















    

 





    
 
 
    >   

%
(( 	1+/	 ,		 * + /+/, . 
+ 202 +78






















κ = 0.4 g (Q=2.9⋅105)
κ = 4 g (Q=2.9⋅104)
κ = 40 g (Q=2.9⋅103)
κ = 4000 g (Q=2.9⋅101)
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κ = 10 g, Δ = 0 κ
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κ = 40 g, γ
dp
 = 0 γ
κ = 40 g, γ
dp
 = 10 γ
κ = 40 g, γ
dp
 = 100 γ
κ = 4 g, γ
dp
 = 0 γ
κ = 4 g, γ
dp
 = 10 γ
κ = 4 g, γ
dp
 = 100 γ
κ = 0.4 g, γ
dp
 = 0 γ
κ = 0.4 g, γ
dp
 = 10 γ
κ = 0.4 g, γ
dp
 = 100 γ
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3.3.2 Coupling efficiency of the fiber
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3.4.1 Time correlated single-photon counting
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3.4.3 Hong-Ou-Mandel interferometer
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4.3.3 Photoluminescence excitation spectroscopy and excited state
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5.2 Photon indistinguishability and Hong-Ou-Mandel inter-
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(2)(𝑅3𝑇 +𝑅𝑇 3) + 𝜂2(𝑅
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=
𝑔(2)
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1 + 2𝑔(2)
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6.1 Photonic crystal waveguide samples
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6.2 Calculating the waveguide modes
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6.3 Demonstration of coupling of quantum dots to a pho-
tonic crystal waveguide
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6.3.1 Photoluminescence spectra
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6.3.3 Decay rate as a function of emission frequency
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